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Abstract

The effect of chain end groups on the thermodynamics of polymer blends is investigated by the collection of cloud point curves for low
molecular weight blends of poly(isoprene) (PIP) with three different o,w-functionally-terminated poly(dimethyl siloxane) (PDMS) materials:
o, w-trimethylsilyl PDMS (PDMS-CH3;), a,w-propylamino PDMS (PDMS-NH,;) and a,w-propylcarboxy PDMS (PDMS—-COOH). The
cloud point curves for these blends differ radically, demonstrating the possibility of controlling miscibility of low molecular weight blends
by modification of polymer chain ends. The apparent critical points for equivalent molecular weight blends of PIP/PDMS—-CHj;, PIP/PDMS—
COOH, and PIP/PDMS-NH, are found at temperatures of 250, 190, and 85°C, respectively, scaling inversely with the polarity of the PDMS
end group. Cloud point curves, calculated from the Flory—Huggins (F—H) rigid lattice model and a quasi-binary extension of the F—H model,
are in good agreement with the experimental cloud point data, and are used to estimate the interaction parameters for PIP/PDMS—CH; and
PIP/PDMS—-NH, blends. The interaction parameters for both blend types are found to be insensitive to the molecular weight of the PDMS
component and to scale inversely with the polarity of the end group. The total interaction parameters for the PDMS—NH, blends are also
calculated from the summation of binary interactions between blend components, PIP, PDMS, and end groups. Incorporation of amine end
groups onto PDMS causes a decrease in the total interaction parameter calculated in this manner, consistent with the increased miscibility
observed experimentally in blends containing PDMS—NH, in comparison to those containing PDMS—CH3. In addition, the calculated binary
interaction parameters show the following trend: XpwmsNu, > X1ppms = Xipne,- This suggests that the observed compatibilization effect in
blends with PDMS—-NH, is driven by the repulsive nature of the interactions between the PDMS backbone and its end groups. © 2001
Published by Elsevier Science Ltd.
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1. Introduction to accomplish these goals, and that there exists considerable

promise that these ideas may be successfully adopted for

The development of new methods for the modification of
polymer interfaces and for the compatibilization of immis-
cible polymer blends remains a topic of considerable
academic and industrial interest. In a number of publica-
tions, our group has demonstrated that the modification of
polymer end groups is a novel and practical means by which
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commercial applications. These works have illustrated how
end-functional polymers can be used effectively to modify
the structure and properties of polymer surfaces [1-4], as
well as the interfacial properties of polymer blends [5,6].
The latter work described how the interfacial tension
between two immiscible homopolymer melts could be
reduced by modification of the end groups on one of the
homopolymers. More specifically, the interfacial tension for
pseudo-binary blends of poly(butadiene) (PBD) with
aminoalkyl-terminated poly(dimethyl siloxane) (PDMS-—
NH,) was reduced by as much as 30%, as compared to
blends containing methyl-terminated poly(dimethyl
siloxane) (PDMS—-CH3).

In an attempt to explain this behavior, interfacial tension
measurements were performed [6] on immiscible blends of
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PBD with mixtures of PDMS—-CH; and PDMS—-NH,. The
results of these measurements revealed that the aminoalkyl-
terminated material did not exhibit significant interfacial
activity, leading to the conclusion that the reduction in
interfacial tension observed in the blends with PDMS—
NH, cannot be attributed to a surfactant effect, but must
rather be associated with changes in the bulk thermody-
namics of the blends; the bulk interactions in the
aminoalkyl-terminated blend must be more favorable than
those of the methyl-terminated blends. Finally, it was
proposed that this increased miscibility could be qualita-
tively explained within the framework of the binary
interaction theory [7-9], which has been used by others to
describe the phase behavior for random copolymer blends.

Only a few other previous studies [10—13] have consid-
ered the effects of end groups on the phase behavior of
polymer blends. The latter two studies by Kuo and Clarson
[12] and Qian et al. [13] examined the phase behavior (i.e.
UCST cloud points) for blends of poly(methylphenylsilox-
ane) (PMPS) with PDMS. The end groups in these studies
were a,w-trimethylsilyl (CH3) and o,w-dimethylsilylsilanol
(OH). Kuo and Clarson found that the interaction density
parameters determined from analysis of the cloud point data
did not change when the PDMS trimethylsilyl end groups
were substituted with dimethylsilanol groups in blends with
o,w-trimethylsilyl PMPS. Qian et al. subsequently used a
combination of the Flory—Huggins (F—H) lattice model
with a temperature dependent interaction parameter and
molecular simulation techniques to theoretically investigate
the effect of end groups on the same PMPS/PDMS system
for a variety of molecular weights and end group pairs (i.e.
PMPS-OH/PDMS-0OH, PMPS-CH3/PDMS-CHj;, PMPS—
OH/PDMS-CH;, PMPS-CH3/PDMS-OH). An extended
binary interaction theory for polymer mixtures of two differ-
ent end groups was utilized to account for the end group
effects on the total blend interaction parameter. The results
from the simulations indicated that the end groups and their
fractions in low molecular weight polymer blends
significantly affected y interaction parameters and phase
separation temperatures. At higher molecular weights, the
end-group effects were not as significant. In studies of
polyester—polycarbonate model blends by Kollodge and
Porter [11], end group effects were successfully modeled
using the binary interaction approach that was proposed
previously by our group and is employed in the current
paper.

In this paper, the phase behavior of similar pseudo-binary
blend systems containing end-functional homopolymers is
characterized in order to confirm suspected changes in their
bulk interactions. The effects of end group type and
molecular weight of the end-functional homopolymer on
phase behavior are characterized by measuring cloud point
curves on blends of poly(isoprene) (PIP) with PDMS—CH3;,
PDMS-NH, and carboxyl-terminated poly(dimethyl silox-
ane) (PDMS—COOH). The experimental cloud point data
are then modeled using several modifications of the F—H

theory in order to estimate interaction parameters for the
PDMS-CHj; and PDMS—-NH, systems. Lastly, the relation-
ship between these interaction parameters and end group
type are interpreted within the framework of the binary
interaction theory, in order to elucidate the contributions
of interchain and intrachain interactions to the overall
blend miscibility.

2. Experimental

The PIP (Polymer Labs) and PDMS-CH; materials
(Petrarch, methyl-terminated) employed in this study were
used as received. The PDMS-NH, (Goldschmidt,
aminopropyl-terminated) and PDMS-COOH (Gold-
schmidt, propylcarboxy-terminated) were synthesized by
an equilibration reaction in which cyclic siloxane monomers
are inserted into a difunctional precursor. The resulting
polymers are, therefore, essentially guaranteed of having
two terminal functional groups per chain [14]. Due to the
nature of the polymerization reaction, the products are poly-
disperse, and contain a small amount of residual cyclics.
The PDMS—-NH, materials were subsequently fractionated
by supercritical fluid chromatography [15] in order to obtain
materials of narrower molecular weight distribution that
were free of cyclics.

The molecular weights and molecular weight distribu-
tions of the PDMS materials were characterized by size
exclusion chromatography (SEC), vapor phase osmometry
(VPO) and end group titration (EGT). The utilized techni-
ques and procedures are described fully in the previous
article of this series [6]. The characteristics of the polymers
employed in the current study are summarized in Table 1.
For clarity, the sample designations include the mean of the
number-average molecular weights from VPO and EGT
analyses, and the identity of the end group. The densities
(at 30.0 = 0.1°C) of PDMS oligomers were determined
using a densitometer (Anton Paar model DMAG60 and
model 602 external cell) in order to calculate the volume
of the end groups.

Cloud points were measured by laser light scattering
using an apparatus constructed in-house. The laser (1 mW,
Melles Griot, He—Ne) was directed through 1 mm channels
cut into a heating block and onto the sample, which was held
in a glass tube at the center of the heating block. The glass
tube also contained a thermocouple and was stirred under
vacuum throughout the experiment. The scattered light was
detected using a photomultiplier tube oriented at an angle of
45° with respect to the incident light. The specimens were
heated at a constant rate, during which the temperature
dependence of the scattered light intensity was measured.

Polymer blends were prepared by adding a known
amount of each polymer into the glass tube using calibrated
100 ml positive displacement syringes (Drummond). Sub-
sequent samples of different concentrations were prepared
by the addition of more PDMS to the original mixture in the
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Table 1

Material characteristic as determined by vapor phase osmometry (VPO), size exclusion chromatography (SEC), and end group titration (EGT). Reported errors

indicate one-half the range of values for two to three measurements

Sample designation End group M,-VPO M,-EGT M,-SEC M, /M,-SEC
PDMS-890—CHj; Methyl 893+156 n/a n/a 1.10
PDMS-1120-CH; Methyl 1120£37 n/a n/a 222
PDMS-1270-CH; Methyl 1270%=110 n/a n/a 1.17
PDMS-860—-NH, Propylamine 845 876+6 280 2.19
PDMS-990-NH, Propylamine 970£320 1010£10 393 2.46
PDMS-1310-NH, Propylamine n/a 1310£16 410 2.28
PDMS-1390-COOH Propylamine 1310 1470 1210 2.90
PIP - n/a n/a 1250 1.07

glass tube. Blends were cooled from above the cloud point
at rates of 2, 1 and 0.5°C/min and the cloud point was
determined by extrapolation of these sets of data to an
infinitely slow cooling rate. Theoretical phase diagrams,
for both binary and quasi-binary systems, were calculated
using programs developed in-house specifically for the
current PIP/PDMS blend systems. The program calculates
the cloud point curves by equating the chemical potentials
of the coexisting phases (two for binary, three for quasi-
binary) derived from the original F-H rigid lattice theory
[16] and the modified F—H theory accounting for the quasi-
binary phase behavior, described elsewhere in detail by
Koningsveld et al. [17-19].

In order to compare the experimental interaction
parameters quantitatively, it is essential to employ the
same reference volume in regressing cloud point data for
all of the blends. Normally, one defines the reference
volume as the smallest monomer volume. In the present
case however, where the solubility parameter of the end
group is to be calculated using group additivity concepts,
we set the reference volume in both binary and quasi-binary
models equal to that of the dimethylsilylpropylamine end
group. This ensures that the end group occupies one lattice
site so that its solubility parameter may be calculated. If the
end group were to occupy more than one lattice site, each
end group lattice site would differ in chemical constitution
and it would be necessary to treat the blend as a four-compo-
nent system with six binary interaction parameters. All
relative molar volumes, normalized chain lengths and inter-
action parameters were therefore calculated with respect to
a reference volume given by the dimethylsilylpropylamine
end group (128 cm*/mol).

The binary model incorporated a temperature dependent
expression for the F—H interaction parameter, x g, defined
as:

Xan(D) = xs + 28 M
where T is the absolute temperature. Experimentally, it was
found that the entropic contribution to the overall inter-
action parameter was very small in magnitude (of the
order of 0.01) and it was therefore neglected when regres-
sing the models to experimental cloud point data. The

models were regressed to cloud point data by minimizing
the sum of residual squared errors.

It has been observed in the literature that both the location
of the critical point and the interaction parameter for binary
blends vary with the molecular weight and molecular weight
distribution of the components [20-22]. The theoretical
effects of molecular weight and its distribution on binary
phase diagrams have also been discussed [23,24]. Although
many different approaches have been utilized till date in
order to model cloud point curves exhibiting ‘apparent’
double critical points, as in our data, the vast majority of
the techniques involve fitting the curves with parameters of
little physical significance. It was the objective of the
authors in the current paper to utilize models that were
capable of representing the experimentally observed cloud
points well while maintaining the theoretical basis of the
models.

The F—H model modified for the quasi-binary behavior,
as utilized by Koningsveld et al. [19], is used in the current
study to account for the effect of the entire molecular weight
distribution of the end-functional PDMS components on the
overall phase behavior of the blend more fully. The
approach considers a polydisperse polymer as a mixture of
two monodisperse fractions, as a zero order approximation.
The cloud point curve is then calculated by taking a quasi-
binary section of the multidimensional temperature—
composition ternary phase diagram. A more complete
description of the calculation method, and the pertinent
equations, are provided in Appendix A. This method yields
much better correlation between the model calculations and
the experimental cloud point data, for the blends containing
the polydisperse PDMS—NH, components, than when an
extension of the F—H theory in which a concentration-
dependent y ap [25-27] is used. As a result, only the model-
ing results from the quasi-binary extension are presented in
this paper.

3. Results and discussion
The effects of end group type on the bulk interactions and

phase behavior of immiscible blends were characterized by
measuring the cloud point curves on model blends of PIP
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Fig. 1. Experimental cloud point curves: PIP/PDMS-1120—-CH; (filled
circles), PIP/PDMS-1390—-COOH (filled squares), PIP/PDMS-990—NH,
(filled triangles). Representative error bars are included with some of the
data points.

with PDMS. PDMS homopolymers of similar chain length,
but with three different end groups were employed for this
purpose: PDMS-1120—-CH; (methyl-terminated), PDMS-
1390—-COOH (carboxyl-terminated), and PDMS-990—-NH,
(amine-terminated). The results are shown in Fig. 1. All
three systems exhibited phase behavior of the upper critical
solution temperature (UCST) type, suggesting that the bulk
interactions between blend components are repulsive in
nature. Two effects are evident in these data. First, the
apparent critical temperatures, To*°, for the blends appear
to be dependent upon the identity of the PDMS end group,
such that T&Pep; > T ooy > ToPPyp.  This  trend
suggests an inverse relationship between the polarity of
the PDMS end group and the apparent critical temperatures.
Secondly, there is a shift in the apparent critical composition
toward lower PDMS content with increasing end group
polarity. For the oligomers employed in this initial study
(i.e. the nominal molecular weights employed were about
1000 Da), the apparent critical temperatures shift by as
much as 165°C when more polar end groups are incorpo-
rated into the chain architecture.

The effects of molecular weight on the blend phase
behavior were also investigated using blends of PIP with
two sets of PDMS—CH; and PDMS—NH, homopolymers.
The results are illustrated in Fig. 2. Examining first the
cloud point curves for the two PIP/PDMS-CH; blends
(open symbols), an increase in the apparent critical tempera-
ture is evident with increasing PDMS molecular weight.
This is consistent with the expected decrease in combinator-
ial entropy in systems of higher molecular weight. Within
the experimental error, the qualitative features of the two
curves appear to be nearly identical. The apparent critical
compositions for the PIP/PDMS—-CHj; blends are observed
at volume fractions of about 0.5, which is consistent with the
theoretical expectations for blends of two homopolymers of
approximately equal length.

Qualitatively, similar phase behavior is observed for the
PIP/PDMS-NH, blends of different molecular weights
(filled symbols): lower molecular weights of PDMS yield
lower apparent critical temperatures and the overall shape of
the curves is independent of the molecular weight.
However, unlike with the PIP/PDMS-CH; blends, the
apparent critical compositions are shifted toward lower
PDMS concentrations. A comparison of phase behavior of
PIP/PDMS-CH; and PIP/PDMS-NH, blends, of similar
molecular weight, reveals significant differences: the appar-
ent critical temperatures are lower and the apparent critical
compositions appear shifted toward lower PDMS concen-
tration for the PIP/PDMS-NH, blends. The addition of
amine end groups onto PDMS homopolymer, the latter
represented by the analogous PDMS—-CHj; in the current
study, shifts the apparent UCST from 205 (for PDMS-
1270-CH;) to 184°C (for PDMS-1310-NH,), and from
121 (for PDMS-890—CH;) to 73°C (for PDMS-860—NH,).
The greater shift observed in the UCST of blends of lower
molecular weight is due to the higher end group concentra-
tion in these blends. The shift in the apparent critical
concentration is also correlated with the end group concen-
tration, as the lower molecular weight blend displays a
larger shift toward lower PDMS concentration. Thus, it
can be stated from these results that a change in the end
group type has a pronounced effect on the intrinsic phase
behavior of blends, at least on a qualitative level.

In an attempt to quantitatively explore the changes in
phase behavior observed with different end groups, the
cloud point data for the PIP/PDMS-CH; blends were
modeled using the F—H theory [16] while data for the
PIP/PDMS—-NH, blends were modeled with a modified F—
H theory, incorporating quasi-binary phase behavior [19],
respectively. The quasi-binary approach, in the current
study, was utilized to better model the effects of polydisper-
sity evident in the cloud point curves of PIP/PDMS-NH,
blends, in which the PDMS—-NH, components had values of
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Fig. 2. Experimental cloud point curves: PIP/PDMS-1270-CH; (open
circles), PIP/PDMS-1310-NH, (filled circles), PIP/PDMS-890-CH;
(open squares), PIP/PDMS-860—NH, (filled squares).
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M, /M, above 2. This effect is particularly pronounced in the
lower molecular weight blends.

It was found by Koningsveld et al. [19,25] that the true
critical point of liquid-liquid multicomponent polymer
solutions was found to be located on the right-hand branch
of the cloud point curve, often accompanied by a depression
at its location. In addition, the specific features of this
depression were shown to be largely dependent on the
details of the molecular weight distribution, with the depres-
sion deepening with increasing M,/M,, at constant M, /M,,.
This lends justification to using a quasi-binary model to
more accurately predict the phase diagrams of blends with
the polydisperse PDMS—NH, components, which exhibit
apparent double critical points. The quasi-binary approach
splits the polydisperse blend component (designated
component 2) into two new monodisperse fractions (species
2a and 2b) and better incorporates the effect of the entire
molecular weight distribution by using number-average,
weight-average and z-average molecular weights (M,, M.,
and M, respectively) in calculating the phase diagram.

The true critical compositions and the corresponding
critical temperatures (¢, and T, respectively) were
calculated from the binary and quasi-binary models for
the PIP/PDMS—-CHj; and PIP/PDMS-NH, blends, respec-
tively and are shown in Table 2 and in Figs. 3—6 (marked by
X ). It should be remembered that the ‘apparent’ critical
point, approximated to be at the highest temperature of
the UCST cloud point curve, is not necessarily the true
critical point. The latter has a strict thermodynamic defini-
tion which is mathematically expressed as (8° AG/8¢3) pr =
0 for binary systems and as Eqgs. (A13) and (A14) in Appen-
dix A for quasi-binary systems. For the PIP/PDMS-CH;
blends, the critical points coincide with the highest points
of the UCST curve, consistent with the inherent assumption
in the F—H model of a strictly binary mixture. The PIP/
PDMS-1270—-CH; blend results in ¢, of nearly 0.5, which
is expected since the molecular weights of PIP and PDMS
components of the blend are nearly identical. For the PIP/
PDMS-NH, blends, the critical points coincide roughly
with the depression in the cloud point data, as was observed
by Koningsveld et al. in their studies of multicomponent
polymer solutions. This depression is more pronounced in

Table 2

Critical points determined graphically (denoted ‘apparent’) and from model
calculations for PIP/PDMS blends. All volume fractions are with respect to
the end function PDMS component and all temperatures are in °C

Blend b T. TP
PIP/PDMS-1270-CH;* 0.50 201 205
PIP/PDMS-1310-NH," 0.45 145 184
PIP/PDMS-890—CH;,* 0.54 122 121
PIP/PDMS-860-NH," 0.51 64 73

* Calculated from the binary F-H model with a temperature-dependent
interaction parameter.

® Calculated from the F~-H model with quasi-binary modification and
with a temperature-dependent interaction parameter.
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Fig. 3. PIP/PDMS-1270—CH; cloud point curves: experimental (squares),
binary model (line), critical point ( X).

the PIP/PDMS-860—-NH, blend and as a result, the overall
fit appears qualitatively better than that of the PIP/PDMS-
1310-NH, blend. This trend is likely caused by the fact that
molecular weight distribution effects are greater for lower
molecular weight systems. In addition, with end-functional
systems in particular, this effect may increase dramatically
since end group concentrations are much higher in the lower
molecular weight blends.

The experimental cloud point data and the model fits for
the PDMS-CH; and PDMS-NH, blend systems are
presented in Figs. 3—6. The corresponding interaction para-
meters at 30°C are given in Table 3. All model fits appear to
correspond well with the experimental cloud point data. It is
worth noting that in all the four model fits, the sole
adjustable parameter is the temperature dependent inter-
action parameter, yy, which can be directly determined
from the temperature dependence of the cloud point envel-
ope. The experimental interaction parameters in Table 3
show two qualitative trends. First, within the error of the
cloud point data, the interaction parameters for blends
having the same end group are not dependent on the
molecular weight, at least in the systems used in the current
study. Secondly, the interaction parameters for the PIP/
PDMS-NH, blends are significantly lower than those for
the PIP/PDMS—CH; blends, as expected for blends with
lower UCST. These results confirm our previous conclusion
[6] that the lower interfacial tensions observed for the PIP/
PDMS-NH, blends are attributable to more favorable over-
all bulk interactions in the blend as the end group is changed
from a methyl to an amine.

The interaction parameters, determined by regressing the
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Fig. 4. PIP/PDMS-890—CHj cloud point curves: experimental (squares),
binary model (line), critical point ( X).

models to the experimental cloud point data, clearly demon-
strate that modification of PDMS chains with polar
functional end groups generally increases miscibility with
PIP. Experimental interaction parameters for PIP/PDMS—
NH, blends were found to be significantly lower than those
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Fig. 5. PIP/PDMS-1310—NH, cloud point curves: experimental (squares),
binary model (line), critical point ( X).
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Fig. 6. PIP/PDMS-860-NH, cloud point curves: experimental (squares),
binary model (line), critical point ( X).

for PIP/PDMS—CH; blends. This behavior is, at first,
unexpected since the interactions of the polar end groups
and the non-polar PIP should be unfavorable and repulsive.
The absence of any specific attractive interactions between
PIP and the amine end groups is supported by the absence of
surfactant behavior of PDMS—NH, at the PIP/PDMS-CH;
interface. In fact, binary interactions among the three blend
constituents (PIP, PDMS, and the amine end group) should
all be unfavorable and repulsive. Although it is possible for
the amine or carboxylic acid end groups to exhibit some
tendency for aggregation (e.g. carboxylic acids are known
to form dimers [28]), especially in the presence of adventi-
tious water, this effect would not be expected in the current
system to increase overall blend miscibility. The large
magnitude of the interaction parameter, yy, is related to
the use of a large reference volume.

Table 3

Interaction parameter determined from the regression of experimental
cloud point curves for PIP/PDMS blends (based upon a references volume
of 128 cm’/mol)

Blend XH X30°C
PIP/PDMS-1270-CH;* 86 0.284
PIP/PDMS-1310-NH," 53 0.175
PIP/PDMS-890—CH;* 85 0.280
PIP/PDMS-860—NH," 51.7 0.171

* Calculated from the binary F-H model with a temperature-dependent
interaction parameter.

® Calculated from the F—-H model with quasi-binary modification and
with a temperature dependent interaction parameter.
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The lack of any rigorous theories that take into account
the molecular architecture of blends with end-functional
homopolymers renders direct interpretation of the
experimental results difficult. It is, however, possible to
gain considerable insight into the general phase behavior
of such systems by consideration of the composite effect
of mutually repulsive interactions. As a first order approx-
imation, we consider blends containing end-functional poly-
mers to be analogous to binary blends of a homopolymer
and a random copolymer [6]. That is, the end-functional
polymer component is approximated as a random copoly-
mer with the relative ‘copolymer’ composition determined
by the volume fraction of end groups. This analogy is
particularly useful since the phase behavior of blends of
homopolymer/random copolymer has been treated
previously by a number of authors, with considerable
success in explaining the phase behavior of several impor-
tant polymer systems [29-31]. The basis of these theories,
the binary interaction theory, was first introduced for
copolymer—solvent systems [32,33] and then later extended
to the case of binary blends of homopolymer/random
copolymer [7-9]. In both cases, miscibility was observed
to increase, without specific interactions, as the intrachain
repulsion of the two repeat units of the copolymer increased.

In the binary interaction theory, the total interaction para-
meter (Ypena) Of @ blend of a homopolymer (component 1)
and a random copolymer (components 2 and 3) are related
to the three binary interaction parameters between indivi-
dual components as follows:

Xolend = YX13 T (1 = ¥)x12 = (1 — y)x23 ()

where y is the fraction of component 3 in the copolymer.
The theory can be simply extended to blends with an end-
functional polymer by treating component 3 as the end
group and y as the end group volume fraction, calculated
directly from the experimentally determined molecular
weight and density information. According to Eq. (2), the
total interaction parameter (Yyeng) decreases if the repulsive
interaction between the end group and its polymer backbone
(x23) is greater than the repulsive interaction between the
end group and the other homopolymer (xi3). Eq. (2)

Table 4
Calculated and experimental interaction parameters at 30°C

suggests that overall blend miscibility can be improved by
the incorporation of an end group that has a stronger
repulsion with its own polymer backbone component that
with the other homopolymer.

This hypothesis can be tested by calculating the binary
interaction parameters in Eq. (2) through a group additivity
approach [34], and comparing these values to the experi-
mental interaction parameters for PIP/PDMS—NH, blends
determined from model fits. In some of the calculations, an
average of the experimentally determined xpipppms—cH,
values, obtained from the F—H model fits of cloud point
data, is used in place of yppppms to calculate the solubility
parameter of poly(isoprene) (d1p). This is primarily due to
the extremely wide range of reported solubility parameter
values for PIP found in literature (7.4—10.0 cal* cm )
[35]. The calculated interaction parameters and those from
model fits of the experimental cloud point data at a tempera-
ture of 30°C are presented in Table 4.

Comparison of the experimental and the calculated values
of Xppppms-13108H, and X prpppMs-gsoNH, TEVEal relatively good
agreement between analogous values. The following trend
is evident in the analysis of the intra- and intermolecular
binary interaction parameters: Xpms/NH2 = XIP/DMS -
xenmz (OF X23 > X2 = Xi3)- This trend is completely
consistent with the expected solubility parameter relation-
ship: Onm2 > Opp > Spms. More importantly, this trend is
consistent with the concept that the increased miscibility
in the functional blends is caused by the large repulsive
interaction between the PDMS backbone and the amine
end groups, and not by an attractive interaction between
the PIP and PDMS.

The lack of strict quantitative agreement between experi-
mental and calculated interaction parameters can be attrib-
uted to a variety of different factors. The solubility
parameters and molar attraction constants necessary for
the group contribution calculations are a clear source of
error in the calculations, as they vary widely from source
to source. In addition, we assume that the binary interaction
theory for random copolymers can represent the enthalpic
interactions in end-functional polymers. The theory
inherently applies the mean-field approximation, which

Interacting components Experimental Calculated method 1° Calculated method 2° Calculated method 3°
PIP/PDMS-1310-NH, 0.175 0.094 0.144 0.162
PIP/PDMS-860—-NH, 0.171 0.065 0.105 0.129

PIP/PDMS 0.282° 0.212 - -

PDMS/NH, - 0.407 0.407 0.285

PIP/NH, - 0.032 0.011 6x107°

* Calculated using group additivity approach (dispersive + polar + h-bonding) for &p (8.17 cal’ em™?), Spys (7.17 cal” em™?), and ONH,

(8.56 cal? cm ™).

b Using the group additivity values for dpys and g, and experimentally determined xppppms-cu,to calculate 81p (8.33 cal” cm
¢ Using the group additivity values for 8yy,, an average value of the literature range for &pys (7.4 cal 2 em

to calculate 8pp (8.55 cal'? cm ™).

d Using experimentally determined xpipppms—ch, Value.

73/2)

-3 2), and experimentally determined X pp/ppms-cH,
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assumes that the chemically distinct blend components are
distributed randomly throughout the system. We therefore
ignore possible effects of concentration fluctuations and
correlation holes due to end group association. These effects
are expected to occur on a molecular size scale, do not give
rise to scattering of light, and therefore are not observed in
our experiments. The existence of these kinds of concentra-
tion fluctuations, however, has been confirmed by small-
angle X-ray and small-angle neutron scattering studies of
liquid macromolecules with heavy atom labels [36],
partially labeled homopolymer melts [37], and block
copolymers [38,39]. A more rigorous theory, for exam-
ple based upon the random phase approximation [36],
could possibly incorporate these effects but is not currently
available.

There are also limitations in the models that we have
employed to represent the free energies of the systems
studied. The quasi-binary model ‘splits’ the polydisperse
component into two monodisperse fractions in a manner
that does not necessarily conserve the overall concentration
of end groups. Coupled to this possible limitation is the fact
that the quasi-binary model inherently assumes that the
interactions of the 2a and 2b components are identical
(X124 = X12b = X12) and that there are no interactions
between them (xp,0, = 0). Despite the limitations
mentioned herein, it should be emphasized that the experi-
mental and calculated interaction parameters displayed in
Table 4 quantitatively show good agreement and qualita-
tively display excellent trends, supporting the previous
hypothesis that the observed compatibilization effect of
end groups in our blend systems can be attributed to the
repulsive interaction between the polymer backbone and
its own end group.

Only a few previous studies [10—13] have considered the
effects of end groups on the phase behavior of polymer
blends. The findings of most of these authors are consistent
with the effects of end groups on the thermodynamics of
polymer blends observed in the current paper and reported
previously by our group [1-6]. The study by Kuo and
Clarson [12] examined the phase behavior (i.e. UCST
cloud points) of o,w-trimethylsilyl-terminated PMPS
blended with either o,w-hydroxyl-terminated PDMS
(PDMS-OH) or o,o-trimethylsilyl-terminated PDMS
(PDMS-CHj;) and found that the interaction density para-
meters determined from the analysis of the cloud point data
did not change when the PDMS trimethylsilyl end groups
were substituted with hydroxyl groups. Their result is
consistent with our own observations and with the expecta-
tions of the binary interaction theory as well. In a previous
study of the surface tension behavior of a variety of a,w-
terminated PDMS materials [1], it was observed that
materials with Si—OH termination gave surface tensions
that were independent of the molecular weight. Calculations
from the group additivity approach demonstrated that the
observed behavior could be attributed to the fact that the
surface tension of the PDMS backbone and the Si—OH end

group were of comparable value. Since surface tension can
be related to the solubility parameter, this observation
suggests that the solubility parameters of the Si—OH end
group and the PDMS backbone are also of comparable
value, and leads to the conclusions that y,; = 0, and that
X13 = X12 for PMPS/PDMS—OH blends. The overall inter-
action density parameters of the PMPS/PDMS-OH and
PMPS/PDMS-CH; blends, according to Eq. (2), are
therefore predicted to be comparable, consistent with the
experimental findings presented in Ref. [12].

4. Conclusions

Cloud point curves determined by laser light scattering
demonstrate that functional end groups can have a profound
influence on the phase behavior of low molecular weight
polymer blends manifesting upper critical solution tempera-
tures. The incorporation of end groups that have repulsive
interactions with both blend homopolymers leads to
increased miscibility as indicated by a reduction in the
upper critical solution temperature. This effect occurs
when the relative repulsion between an end group and the
polymer chain it is attached to is greater than that between
the end group and the second polymer. The phase diagrams
for the end-functional blends can be nearly quantitatively
accounted for by the modified Flory—Huggins—Staverman
lattice models that employ binary interaction theory and
group additivity concepts to calculate the effect of end
groups on the enthalpy of interactions.
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Appendix A. Description of the quasi-binary model

In addition to the F—H rigid lattice model, which is only
applicable to binary mixtures, a quasi-binary model,
described originally by Koningsveld et al. [17,19] for a
polymer—solvent system, was used in the current paper to
better simulate the overall phase behavior of the polydis-
perse PDMS—NH, components. A brief description of the
model, the calculation method and the utilized pertinent
equations are provided here.
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In the calculation of the quasi-binary model, the polydis-
perse component (polymer 2) is treated as a mixture of two
monodisperse homopolymer fractions (species 2a and 2b) as
a zero order approximation. Using an analogous method of
derivation as the F—H model, the modified governing
equation for the quasi-binary system becomes:

AG ¢, b2q oy
NRT Tln(d’l) + 7on In(¢hy,) + Eln(d)Zb)
+ x1201(dh2a + b2p) (A1)

where ¢,, + ¢y, = ¢, and ¢; + ¢, = 1. In the above
equations, ¢, denotes the volume fraction of species i, r; is
the relative molar volume, or chains length, T is the absolute
temperature, R is the gas constant, and x;, denotes the
familiar F—H interaction parameter. Note that all molar
volumes (7) and interaction parameters (y) used in the
modeling programs were calculated with respect to the
reference volume of a dimethylsilylpropylamine end
group (denoted simply as NH,).

Within this model, the effect of molecular weight
distribution on the phase behavior of a quasi-binary blend
is taken into account in determining the characteristics of
the two monodisperse fractions of polymer 2. The relative
molar volumes (r,, and ry,) and weight fractions (w,, and
wap) of the new species can be directly calculated using the
experimentally-determined number-average (r,), weight-
average (ry), and z-average (r,) relative molar volumes of
the polydisperse component by solving simultaneously the
following equations:

Woy + Wy, =1 (A2)

w w 1

222 4 " _ (A3)

T2a "2p Tn

Woalpq T Woptay = Iy (A4)
2 2

Woal2a T Woptay = Iyl (AS)

It is important to note that the miscibility envelope, as
represented by the cloud point curve, of quasi-binary
systems does not coincide with the binodal, which represent
the coexisting phase compositions at given temperatures. In
the case of a simple binary mixture, the cloud point curve
coincides with the binodal and the two branches of the curve
represent coexisting phases. In the quasi-binary system,
however, the determination of the cloud point curve
involves calculation of the incipient or ‘shadow’ curve,
which is a cross-section of the three-dimensional ternary
phase diagram at a constant relative composition ratio
between species 2a and 2b in the newly formed phase.
Schematically, this is illustrated well by Figs. 2 and 3 in
Ref. [17] and Figs. 1, 2 and 4 in Ref. [19], and is mathe-
matically performed using Eq. (Al11) or Eq. (A12). As in
normal ternary systems, the chemical potential equations of
the three individual species Eqs. (A6)—(A8) for the two

coexisting phases (o and () are equated to produce the
phase diagram: Auf = A,ufl?’, Aus, = A,ug’a, and Aus, =
A,u,g’b.
Ap In(¢py) 1 1 1 1
= : +(—_—)¢2u+(—_—)¢2b
I2a

r]RT r r r p

+ X12( oy + b))’

(A6)
Ay, In(dhy, T o
L:&—’_(___)d)l_i_(___)dhb
2, RT 24 Faa 1 Faa T
+ X12¢%
(A7)

S _ ) (L L)y, (Lo L)y,

ryRT I Fy T Fa Ty
2
+ x12¢1
(A8)

Other relations necessary in the calculation of the quasi-
binary phase diagram include:

i+ b+ by =1 (A9)
d’[f + ¢§a + oy = (A10)
d’ib _ W (A11)
d)Za W2a

B
d)_éb = W (A12)
¢2a Waa

As mentioned previously in the paper, the location of the
critical point is also remarkably affected by the molecular
weight distribution of the blend components. It has been
shown by previous authors [17—-19,25] that the ‘true’ critical
point of liquid—liquid multicomponent polymer solutions is
located on the right-hand branch of the CPC, often accom-
panied by a depression at the location. In addition, these
authors demonstrated that the specific features of this
depression are largely dependent on the details of the
molecular weight distribution, with the depression deepen-
ing with the increasing M,/M,, at constant M, /M,. Due to
the double critical point phenomena observed in the cloud
point curves of quasi-binary systems, it becomes difficult to
approximate the location of the true critical point graphi-
cally, as is possible in strictly binary systems. The true
critical point can be calculated using Egs. (Al5) and
(A16), which are derived. using the strict thermodynamic
definition of the critical point (Egs. (A13) and (A14)).

aJ /0y, 0J5/0 ¢y,

) s L =0 (a13)
P (AGINRT)dod by, 0> (AGINRT)/d b3,
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*(AGINRT)Io¢3,  0*(AGINRT)/d s, d oy,
> (AGINRT)0dydhry 0> (AGINRT) 9oy,
(Al14)
1

D) critical = — (A15)

L4 |

nr,

2
1{ 1 1
Xeritical = E(ﬁ + ﬁ) (Al6)
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